Purpose: Bevacizumab improves survival for patients with metastatic colorectal cancer with chemotherapy, but no proven predictive markers exist. The VEGF-A splice form, VEGF 165 b, anti-angiogenic in animal models, binds bevacizumab. We tested the hypothesis that prolonged progression-free survival (PFS) would occur only in patients with low relative VEGF 165 b levels treated with bevacizumab.
Introduction
Bevacizumab, a recombinant humanized monoclonal antibody that binds VEGF, has become a standard component of the treatment of patients with metastatic colorectal cancer. In 2004, a landmark study comparing bolus irinotecan, 5-fluorouracil, and leucovorin (IFL) and placebo treatment with IFL and bevacizumab (1) showed a 4.7-and 4.2-month increase in median overall survival (OS) and progression-free survival (PFS), respectively. In 2007, the ECOG E3200 trial of 829 patients with previously treated metastatic colorectal cancer showed that addition of bevacizumab to oxaliplatin, 5-fluorouracil, and leucovorin (FOLFOX4; ref.
2) resulted in a 2.1-and 2.6-month increase in median OS and PFS, respectively. There have as yet been no definitive studies identifying biomarkers that predict outcome to bevacizumab therapy.
VEGF-A is a product of one gene encoding multiple isoforms, identified by their amino acid number and cterminal sequence. Alternative splicing of exon 8 results in 2 families of proteins (3) . Proximal splice site (PSS) usage generates a short open reading frame (ORF) of 6 amino acids common to the pro-angiogenic VEGF isoforms. An alternative distal splice site (DSS) in exon 8 results in a different 6 amino acid ORF, resulting in proteins of the same length as the pro-angiogenic isoforms, but with a different cterminal sequence. These isoforms that are anti-angiogenic in physiologic systems (4) , in experimental VEGF-driven angiogenesis (5) , and in pathologic angiogenesis driven by VEGF (6, 7) , including in tumors (5, (8) (9) (10) (11) (12) . These isoforms, the most common of which is VEGF 165 b, form a substantial portion of total VEGF in many tissues including normal colon (12) . VEGF 165 b is relatively downregulated in colon cancer but to a variable extent (12) . VEGF 165 b binds bevacizumab with the same affinity as VEGF 165 (12) , and the overexpression of VEGF 165 b in human colon carcinomas grown in mice conferred resistance to bevacizumab treatment (12) . These findings suggest that VEGF 165 b may interfere with bevacizumab treatment. This led us to propose that bevacizumab may be more effective against tumors in which VEGF 165 b levels are low. We sought to test this hypothesis in samples from patients treated with bevacizumab þ FOLFOX in one of the original pivotal phase III clinical trials of bevacizumab þ FOLFOX in colorectal carcinoma.
Materials and Methods

Patient characteristics
In the clinical trial E3200, eligible patients were randomly assigned to receive FOLFOX4 in combination with bevacizumab (arm A); FOLFOX4 without bevacizumab (arm B); or bevacizumab alone (arm C). Random assignment was stratified on the basis of prior radiation therapy and Eastern Cooperative Group (ECOG) performance status. The primary endpoint of the study was OS. A total of 829 patients were enrolled onto the study between November 2001 and April 2003 from 221 sites in the United States and South Africa. Nine patients who received treatment were determined to be ineligible, leaving 820 randomized patients analyzable. In February 2003, the bevacizumab-alone arm of the study closed to accrual after interim analysis suggested inferior survival when compared with the chemotherapy-containing arms of the study. The final study sample sizes were therefore 286 patients (arm A), 291 patients (arm B), and 243 patients (arm C; see Fig. 1 for breakdown of cases). Human studies were conducted in accordance with the Helsinki Declaration, and expression studies were conducted with local ethics committee approval. Tumor samples were available from 300 patients enrolled in the trial.
Immunohistochemistry
Sections (5 mm) were cut from all 300 blinded paraffinembedded tissue blocks taken from participants in E3200 (2) . All isoforms of VEGF, termed VEGF total , were detected using a commercially available anti-VEGF antibody (Dako, mouse IgG1, clone VG1). This antibody detects isoforms generated by PSS selection in exon 8 (VEGF 165 (8) .
It also detects other VEGF xxx b isoforms such as VEGF 121 b, VEGF 145 b, and VEGF 189 b in human tissues (13) . Sections were dewaxed with xylene for 15 minutes before rehydration in graded alcohols and antigen retrieved by microwave treatment for 12 minutes at 800 W in 0.01 mol/L sodium citrate buffer, pH 6.0, with the solution maintained just below the boiling point (96 C AE 2 C). Sections were immersed in 3% hydrogen peroxide for 5 minutes and incubated with 1.5% normal horse serum (NHS) for 30 minutes in a humid chamber at room temperature. After washing, each slide was subject to incubation with 5 mg/mL VEGF total antibody in NHS or 12 mg/mL anti-VEGF 165 b monoclonal antibody diluted in PBS/T-1% bovine serum albumin (BSA). Sections were incubated overnight at 4 C. The blocking step with NHS was repeated before the addition of 2 mg/mL (for VEGF 165 b) or 2 mg/mL (VEGF total ) biotinylated horse anti-mouse secondary antibody (Vector BA-2000, in NHS, 1:66 in PBS) for 30 minutes. The negative control received a matched concentration of normal mouse immunoglobulin diluted in PBS/T-1% BSA. Avidin-biotinylated enzyme complex was prepared according to the manufacturer's instructions (Elite, Vector Laboratories) and incubated with sections for 45 minutes at room temperature. This was followed by the addition of the visualizing 3,3 0 -diaminobenzidine (DAB) substrate for all sections and counterstaining in hematoxylin. Sections were dehydrated in graded alcohols (70%, 90%, and 100% ethanol) before final clearing in xylene and mounting with DPX and glass coverslips. Slides were dried overnight before light microscopy examination.
Slides were independently assessed and staining intensity scored (1-6). All sections were examined, conducted by 2
Translational Relevance
Bevacizumab, a recombinant humanized monoclonal antibody that binds VEGF, has become a standard component of the treatment of patients with metastatic colorectal cancer. The endogenous VEGFA splice variant, VEGF 165 b, has been shown to have anti-angiogenic properties in animal models and it binds to bevacizumab. This study of tumor samples on the original E3200 clinical trial of FOLFOX with or without bevacizumab found that only patients with a lower than median expression of VEGF 165 b as a proportion of total VEGF benefited from treatment with bevacizumab. These results suggest that a low VEGF 165 b:VEGF total ratio may be a predictive marker for bevacizumab in metastatic colorectal cancer and individuals with high relative levels may not benefit. To determine the relative intensity of the VEGF isoforms, the staining intensity in the tumor on a scale of 1 to 6 was normalized to that in the peritumoral (histologically normal) colonic mucosa for each stain. The ratio of the 2 scores was then calculated (VEGF 165 b:VEGF total ). Thus, to obtain a score, staining was required in the normal mucosal tissue for both VEGF 165 b and VEGF total antibody staining. The normal mucosal tissue acted as an internal control for both antibody stains. Scores were sent to the ECOG statistical service (P.J. Catalano) for subsequent analysis. A median split was conducted to separate the samples into 2 groups-high and low VEGF 165 b:VEGF total. Kaplan-Meier survival curves were calculated for each of the 2 groups. Thus, the actual value of the ratio of VEGF 165 b:VEGFtotal is reduced to a discrete value of greater or less than median. From the 300 samples in the original study, 149 were suitable for use in the final analysis, as they contained both normal mucosa and tumor and successfully stained with both VEGF 165 b and VEGF total antibodies, as determined by positive staining in the normal mucosal tissue on the slides. However, 52 of these were in arm C and thus were not included in the analysis. Representative images are given in Fig. 2 .
Statistical analysis
Kaplan-Meier methodology was used to present all survival curves and estimate median PFS and OS; standard proportional hazards regression modeling for censored time to event data was used to evaluate the unadjusted and adjusted relationship between VEGF 165 b: VEGF total isoform ratio and outcome (PFS and OS). As of this analysis, only 11% of the cases are censored for PFS and less than 4% of the cases are censored for OS. All quoted P values are 2-sided, and P values less than 0.05 were considered statistically significant. A priori power analysis showed that with all 175 cases in each arm, an 83% power to detect an interaction effect (ratio of HRs of about 1.8) would be achieved for the PFS endpoint. However, an interaction effect would not be expected to be that large in the OS endpoint because the overall treatment differences were smaller in the clinical study for OS, and the OS power is therefore more limited, only 47% for an interaction effect (ratio of HRs of 1.5). Thus, the study aimed to test the hypothesis that PFS was increased. Thus, the a priori cutoff point for the ratio was the median value of VEGF 165 b (tumor/normal):VEGF total (tumor/normal). The primary endpoint of this analysis was PFS. Table 1 shows the breakdown of cases by treatment arm. A total of 820 cases were included in the original E3200 clinical dataset, hence 671 clinical cases were not in the VEGF isoform ratio analysis and 149 cases were included in the VEGF 165 b:VEGF total isoform ratio analysis.
There were no appreciable differences in treatment arm, sex, age, race, performance status, and the number of metastatic sites at study entry for the study overall compared with those samples included in the VEGF 165 b:VEGF total isoform ratio analyses (see Supplementary Table S1 ). Figure 2 shows representative samples of tissue stained for VEGF 165 b or VEGF total from normal tissue and 2 stages of differentiation (poor and well) of tumor. Figure 3A shows the distribution of ratios for all samples. The median score was 1.0, indicating that the VEGF 165 b staining relative to the VEGF total staining varied around equivalence. Figure 3B shows the distribution of scores. Table 2 shows the results of proportional hazards regression modeling of PFS and OS by VEGF 165 b:VEGF total isoform ratio (predictive index or PI) in tumors, for both unadjusted and adjusted analyses where the adjustment in the models included the following demographic and clinical on-study variables: sex, race, age as a continuous predictor, performance status, and the number of metastatic sites as a continuous predictor. Formal tests for the interaction between low/high VEGF 165 b:VEGF total isoform ratio and treatment arm were conducted using the proportional hazards regression model. The interaction test of the ratio by arm was significant (P ¼ 0.024) for PFS but did not attain statistical significance (P ¼ 0.18) for OS. These effects were also present after adjustment for demographic and clinical variables (listed above, P interaction ¼ 0.072). Table 2 shows that in unadjusted analyses, significant treatment differences were observed between arm A (Fig. 4A ). In contrast, among patients with a high VEGF 165 b:VEGF total isoform ratio, there was no significant treatment difference between the 2 arms (P ¼ 0.40 Fig. 4B ). Although the HRs were in the same direction, no significant associations were observed for the OS endpoint (Fig. 4C and D) .
The response rate [partial response (PR) or complete response (CR)] in the low VEGF 165 b:VEGF total isoform ratio group treated with bevacizumab þ FOLFOX was 20.8% but 7.7% in those treated with FOLFOX4 alone. This compares with a response rate of 5.0% in the bevacizumab þ FOL-FOX-treated group with high VEGF 165 b:VEGF total isoform ratio and 7.4% in the FOLFOX4 alone-treated high VEGF 165 b:VEGF total isoform ratio group. The study was not powered to detect a difference in response rate, and the difference was not significant by Fisher exact test.
Discussion
As the clinical use, expense and adverse effect profile of bevacizumab (and other anti-angiogenic agents such as sunitinib, sorafenib, pazopanib) has grown, the need to identify predictive markers to guide the clinical use of these agents has gained importance and urgency. Initial studies of the phase III clinical trials of bevacizumab showed no predictive value for total VEGF expression or microvessel density (14) , suggesting that it was not the VEGF levels that determined outcome. Correlations between outcomes with bevacizumab and single-nucleotide polymorphisms (SNP) of VEGF in breast cancer (15) ; ICAM, interleukin (IL)8, and VEGF in non-small cell lung cancer (16); VEGFR1 in pancreatic and renal carcinoma (17) ; and hypertension in non-small cell lung cancer (18) ; and between VEGF SNPs and hypertension in patients with metastatic breast cancer (15) have been shown. In colonic carcinoma, low-serum angiopoietin-2 (Ang-2), an inhibitory ligand of endothelial Tie-2 receptor, has been proposed as a possible predictive marker (19) , and in gastric cancer, a nonsignificant trend was seen in patients with high baseline serum VEGF (20) . In breast cancer, a retrospective analysis of the mRNA or protein expression of 11 vasoactive or cell-cycle-related factors found that the low expression of delta-like ligand (Dll) 4, VEGF-C, and neuropilin-1 may identify bevacizumab-sensitive patients, although statistical significance was lost following correction for multiple hypothesis testing (21) .
On the basis of evidence that the VEGF-A isoform splice variant VEGF 165 b shows anti-angiogenic properties in animal systems (12), we postulated that patients with colorectal cancer with tumors expressing low VEGF 165 b levels would be more likely to benefit from bevacizumab þ FOLFOX-based therapy. Our findings suggest that a low VEGF 165 b:total VEGF ratio may be a marker for clinical effect from bevacizumab þ FOLFOX-based therapy.
There are a number of interpretations of the mechanisms underlying this finding. We previously showed that bevacizumab binds VEGF 165 (12, 22, 23) .
There are a number of limitations of our study. First, despite starting with a large number of samples (300), only 97 were able to be used for all 4 staining markers. Thus, the ability to detect meaningful differences in all clinically relevant endpoints, such as OS, was reduced. In addition, a larger cohort would have allowed for evaluation of the predictive function of even lower quartiles of the VEGF 165 b: VEGF total ratio. Second, the use of an immunohistochemical scoring system is subjective, and future validation using an automated quantitative system should be considered. mRNA studies would be more quantitative, although quantitative PCR for VEGF 165 b needs to be undertaken with great care to avoid artifactual mispriming and amplification of VEGF 165 . It is necessary to use appropriate controls to ensure specificity, the lack of which has caused misinterpretation of negative data in some recent studies (24) . Third, our findings are in previously treated patients with advanced colorectal cancer and may not necessarily extrapolate to other tumors. And, finally, given the complexity of angiogenesis, it is unlikely that one marker will serve a uniformly predictive function across disease types and their respective stages. The relationship between low VEGF 165 b:VEGF total ratio and PFS in patients treated with bevacizumab þ FOLFOX in E3200 supports its further evaluation as a potential biomarker and provides new insight into the tumor angiogenic network.
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